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Abstract: In this paper, we considered an eco-epidemiological model including toxicity, treatment,
time-varying incubation, and Holling II functional response. First, for the model without time delay,
the positivity and boundedness of solutions were investigated, and some conditions for local asymptotic
stability of all possible equilibriums and condition for global stability of the positive equilibrium
were also given. Then, the local stability around the positive equilibrium and conditions for the
existence of Hopf bifurcation of such model with time delay were explored. Furthermore, by using the
method of multiple scales, a control strategy based on time delay was obtained to suppress oscillation.
Moreover, the global stability of the positive equilibrium of the model with time-varying delay was
investigated. Finally, the theoretical findings were validated through numerical simulations. Those
results demonstrated that time-varying delays can induce more complex dynamics in systems. By
combining the method of multiple scale with periodic perturbations, the oscillatory behavior induced
by Hopf bifurcation can be effectively suppressed, providing a novel approach for stability control in
time-varying delay systems.

Keywords: eco-epidemiological model; time-varying delay; Hopf bifurcation; method of multiple
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1. Introduction

Since the pioneering work studied by Lotka [1] and Volterra [2], predator-prey interaction models
have become one of the most important and fascinating research areas in ecology. In recent years,
researchers have expanded the classic predator-prey model into the eco-epidemiology. They focused
on studying predator-prey systems with infectious diseases, further analyzing the dynamic
relationship between predator and prey [3—10]. This interdisciplinary research approach helps us to
better understand the impact of disease transmission on the structure and function of food webs.
These research findings not only enrich ecological theory but also provide crucial insights for


https://www.aimspress.com/journal/era
https://dx.doi.org/10.3934/era.2025135

3075

formulating more effective ecological management strategies. Beltrami and Carroll [3] established an
eco-epidemiological model based on predator-prey, in which the prey population appears to be
infected by a virus, forming an infected population. They discovered that such a system has been
disrupted by a small amount of infectious factors, otherwise a stable structure would be observed.
Meng et al. [5] showed that in the predator-prey system, the predator population can survive and
spread the disease among the prey species. Recently, Sk and Pal [6] studied a predator-prey model
with infected prey, and found that high levels of fear and low levels of refuge behavior can eliminate
the disease from the system in deterministic and stochastic environments.

Plankton, especially phytoplankton occupying the primary trophic level, forms the foundation of
all aquatic food chains. These microscopic algae thrive in marine and freshwater environments,
typically existing in low concentrations but capable of proliferating extensively on the water surface,
resulting in dense cell aggregations known as algal blooms. While the majority of algae in aquatic
environments are beneficial, a small number possess the ability to produce toxins. Viral infections
within the plankton community can influence the changes of algal blooms, leading to alterations in
the behavior and other aspects of aquatic and marine ecosystems. Based on the concept of plankton
diseases, Kermack and McKendrick [11] proposed the classic SIR model to explore the impact of
infections on populations. In recent years, many scholars have conducted extensive ecological
epidemiological models to study the different ecological scenarios where populations are affected by
external toxicity, disease transmission, prey refuge, Allee effect, fear effect, and other factors [12—-15].
Among these studies, phytoplankton-zooplankton systems play a critical role in marine and
freshwater ecosystems. Scholars have found that these toxic substances have a significant impact on
the growth of zooplankton, and further affect the structure and function of the entire plankton
community [15-19]. Chattopadhyay et al. [16] first proposed and studied the toxin-producing
phytoplankton-zooplankton system. They suggested that toxin-producing phytoplankton (TPP) exert
a biocontrol effect by reducing the grazing pressure exerted by zooplankton, thereby inhibiting
zooplankton reproduction. Similarly, Gakkhar and Singh [18] proposed an eco-epidemiological
time-delay model involving viral infection, TPP, and zooplankton system. Their results demonstrated
that viral infections play a crucial role in controlling complex dynamic behaviors, including chaos.
Additionally, variations in the toxin release rate of TPP significantly influence the emergence of chaos
in the time-delay model. Huang et al. [19] studied aquatic toxicity through a simple mathematical
model and concluded that high toxin levels can lead to population extinction. Srivastava and
Thakur [15] proposed an eco-epidemiological model of an aquatic dynamical system:
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where S, I, and P represent the densities of susceptible prey, infected prey, and predator at time ¢,
respectively. The parameter 6 represents the toxin release rate of susceptible and infected prey. The
significance of other parameters in system (1.1) can be found in reference [15]. They analyzed the
stability of both spatial and nonspatial models, and found that the density of predator is affected by
virus-induced prey and toxicity.
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In the coexistence of disease and treatment, controlling the spread of disease is one of the primary
objectives in the eco-epidemiological models [5, 14,20-23]. Ghosh et al. [14] investigated an eco-
epidemiological model incorporating the effects of fear, treatment, and cooperative hunting:
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where (:%1 represents the treatment function, p > 0 represents the maximum medical resources available
for treatment, and (lT > 0 represents the saturation factor measuring the impact of delayed treatment on
infected individuals. The meanings of other parameters can be found in reference [14]. The authors
found that the fear of prey for predator, cooperative hunting, and treating infected prey with memory
effect play a crucial role in preserving biodiversity.

In an ecosystem with infectious disease, time delay is an important factor to describe the dynamic
characteristics of the system. In recent years, many researchers have focused on delay-induced
infection models to explore the combined effects of the infection process and time delay on
population dynamic [18,24-30], where the delays are typically constant. However, in a real system,
time delays are often not fixed and dynamically change over time, making time-varying delays more
reflective of the complexity of a natural environment. Consequently, time-varying delays have been
receiving increasing attention in predator-prey models, infectious disease transmission models, and
broader ecological dynamics research. In recent years, researchers have explored how time-varying
delays affect the stability and periodic behavior of systems through theoretical analysis and numerical
simulations [31-37]. Research on this phenomenon not only helps to understand the fundamental
mechanisms of ecosystem and epidemic dynamics, but also provides important theoretical support for
devising effective management strategies. Wu et al. [35] developed a brucellosis transmission model
incorporating seasonal alternation, density-dependent growth, stage structure, maturation delays, and
time-varying latency periods. The numerical results showed that if the effects of time-varying latency
or maturation delay are ignored, then the transmission of brucellosis would be overestimated (or
underestimated). Liu and Meng [36] established an eco-epidemiological predator-prey system with
time-varying delay, and obtained the permanence and global asymptotic stability of the time-varying
delay system.

Motivated by the above work, we will consider an eco-epidemiological model with toxicity,
treatment and time-varying delay to analyze the interaction between toxicant prey and predators. This
is a novel attempt to consider the effect of time-varying delay on prey and predators in a plankton
system. Under the viral infection with and without time delay in a plankton system, investigating such
complex dynamics are significant implications for both research on plankton population and
ecological modeling.

The organization of this paper is as follows. In Section 2, we perform the formulation of this
model. In Section 3, we discuss the positivity and boundedness of the solution of the non-delayed
system. Furthermore, we derive the conditions for the existence and local stability of five equilibriums
of the system without delay. In Section 4, we focus on investigating the existence of Hopf bifurcation.
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Additionally, we apply the method of multiple scales (MMS) to the delay differential system. Building
on this, we propose a control strategy that involves introducing time-varying perturbation to the delay,
which aims to suppress oscillation. Moreover, the global stability of the positive equilibrium for model
(2.1) is analyzed through the construction of a suitable Lyapunov function. In Section 5, we present
some numerical simulations to validate the theoretical results obtained in the previous sections. We
summarize our paper with some discussions in the last section.

2. Model formulation

Motivated by the above papers, we take Noctiluca scintillan as the prey population and Paracalanu as
the predator population. Results have shown that Noctiluca scintillan, a phytoplankton, produces toxins
during its breeding season and can have adverse effect on zooplankton [17]. We give the following
assumptions:

(i) Assuming that only susceptible prey has the ability to reproduce, the disease only spreads within the
prey population, and the disease is not inherited. When susceptible phytoplankton come into contact
with infected phytoplankton, they also become infected. Therefore, the virus transmission is supposed
to be Susceptible-Infected-Susceptible (S15) type. However, the infected phytoplankton population
still continues to grow at the same carrying capacity K.

(ii)) The zooplankton consumes susceptible and infected phytoplankton in regard to Holling II
functional response. In addition, we hypothesize that the additional mortality of zooplankton is due to
the phytoplankton liberating toxin instantaneously with rate 6. TPP populations do not release toxic
chemicals unless there is a dense zooplankton population nearby [38].

(ii1) In most eco-epidemiological models, researchers assume that infected prey recovers at a linear rate,
and they do not consider the effect of treatment. In the real world, the process of treatment recovery
can be complex. Thus, we consider a nonlinear treatment function, which may be more realistic.

(iv) Due to factors such as climate, environment, and individual differences, the incubation period of
the virus may vary over time. Therefore, considering the time-varying incubation delay may be more
in line with the actual situation.

Thus, a time-varying delay eco-epidemiological model with toxicity and treatment is given

as follows: ds Sy - 51
+
= =rs(- )-pSs1-H

= Bs (w0~ () -
dP _ /JgSP + /.14IP
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where S(), I(t), and P(r) represent the densities of the susceptible phytoplankton, infected
phytoplankton, and the zooplankton at time #, respectively. 7(f) represents incubation period of
disease and it is a continuously differentiable function. All parameters appeared in system (2.1) are
positive. The biological significance of the remaining parameters of system (2.1) are given in Table 1.
In addition, system (2.1) satisfies the nonnegative conditions S(m) = ¢;(m) > 0,I(m) = ¢,(m) >
0,P(m) = @3(m) > 0,m € [-1,0],0 < 7(t) < 7,¢;(m) € C([-7, 0),Rio),i = 1,2,3, where

1P 7 ol
I+ a

— 2P —6(S + DP,

2.1)

R, ={(S(0),1(), P(t) : S(t) > 0,1(r) > 0, P(t) > 0)}.
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Table 1. Descriptions of all the parameters in (2.1)

Symbols Descriptions Values Source

The intrinsic growth rate of susceptible
r . 22 Thakur [24]
phytoplankton population

K Carrying capacity of phytoplankton population 200 Calibrate
B Rate of disease transmission 0.06 Srivastava [15]
a Represent the half saturation constant 15 Thakur [24]
) Maximum medical resource supplied for treatment 0.05 Calibrate
1 The saturation factor that measure the effect of .
= 1.429 Calibrate

the delay in treatment for the infected individuals

The maximum predation rate of susceptible .
Ui . 12.8 Calibrate
phytoplankton population

The maximum predation rate of infected
M P ) 16.4 Calibrate
phytoplankton population

Growth rate of zooplankton due to predation
3 . . 7.5 Thakur [24]
of susceptible phytoplankton population

Growth rate of lankton due t dati
s rf)w rate of zooplankton due o.pre ation 0.4 Thakur [24]
of infected phytoplankton population

P1 Death rate of infected phytoplankton population 34 Calibrate

02 Death rate of zooplankton 8.3 Thakur [24]

0 The rat.e of toxin liberation by the. toxin 0.033 Calibrate

producing phytoplankton population
3. Dynamics of non-delayed system
When 7(7) = 0, the non-delayed system is shown as follows.

ds S+1 SP ol
= os(1- 2y s - H :
dr K S+a o+l
d/ o IP ol
— =8S1- -l — ——, 3.1
dr F I+a PV o+l G.1)
dpP /.13S P /.141 P
— = + -0 P—-6(S + DP.
&t S+a I+a ©? ( )

In this section, we will be devoted to discussing some biological properties of non-delayed system
(3.1), such as positivity and boundedness of solutions. We also will analyze the local stability and
global stability of system (3.1).

3.1. Positivity and boundedness of solutions

Before analyzing the boundedness of solutions of system (3.1), we discuss the positivity
of solutions.
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Lemma 3.1. The solution (S(t),1(t), P(t)) of system (3.1) with positive initial conditions
(5(0), 1(0), P(0)) € R remains positive throughout the region for all t > 0.

Proof. From system (3.1), we get

S = SO)exp {f (r(l SECALL O M)dx} -0,
0

K Skx) +a
1 P 0
I(t) = 1(0) exp {fo (ﬁS (%) - I;&) ixl A 1(x>)dx} -0

_ " u3S(x) ual(x)
P(t) = P(0) exp { fo (S(x) o lota o(S (x) + I(x))) a’x} > 0.

Hence, all the solutions of system (3.1) are positive for all 7 > 0.

Next, we will investigate that all positive solutions are uniformly bounded.

Lemma 3.2. Assume that condition pous > pypy, then the set 2 = {(S, 1, P) € Ri :

S+1 + & P < 412 (r + 6%)?} is a region of attraction for all solutions initiating in the positive quadrant,

where 5* = min{p1, p2}.

Proof. To examine the boundedness of system (3.1), we define a function
Hi
W) =S + 1(t) + —P(2).
M3

Differentiating with respect to #, we have

dW _dS dI i dP
a A /l3dl

From system (3.1), we get

dW S+1 It /'tZIP_I_,ul /,t4IP
dr K I+a u; I+«

—poP = 6(S + DP).

Introducing the positive number 6* and rewriting, we obtain

dw S /11/14 1P
— +O0W<S(6" 1--=)) - 6]—— - 6P - -
a7 +O0W <S80+ r( K)) (o1 —6") (02 ) (2 I+a’
which implies
dw 1P
—+5W<—(r+5*) — (o - 6)1——(p2—6)P (o — EA 2
dr I+ a
Choosing ¢* = min{pi, p>} and pous > g, we have
daw
E+5W<—(r+6) (3.2)
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Using the method of variation of constant for Eq (3.2), we get
K . .
0<W<—@r+6)(1-e")+ Wy,
4ro*

where W, = W(S(0), 1(0), P(0)).

Therefore, it follows that

K
limsup W < (r + 6%
ro*

t—+00 4

Then, all the solutions initiating in R? of system (3.1) are defined in the region

K
== (S,I,P)ERi:S+[+&PS_(},+5*)2 ’
4ro*

H3

Thus, all solutions of system (3.1) are uniformly bounded for all # > 0 and = is a positive invariant set.

3.2. Existence of equilibriums

The eco-epidemiological system (3.1) has possible nonnegative feasible equilibria as follows: the
trivial equilibrium E((0, 0, 0) always exists. The boundary equilibrium E (S, 0,0) exists, where § = K.
Assume that E,(S,1,0) is the positive equilibrium of system (3.1), where § and I satisfy the
following equations:
S+1 ol

S (1= 220) - ST+

;=0

. o+ (3.3)
BST—pI- -2 =o.

o+1

According to the second equation of (3.3), we can obtain

pic+D+6

S = _
Blo+1)

(3.4)

Substituting (3.4) into the first equation of (3.3), we get
byI* + b3 + byI” + b1 + by = 0, (3.5)
where

by =pp1(B — 1),
by =1BKp; + 1pi + B°6K = 31Bp 0 = 1S — pifo = 2°pi0 = Bo,
by, =3rop K + rBoK + 2p,0r + I’p%O' — 3rBo*py — 2roBS — 2p%0'2,8 - pfﬁaé
— B20’p, — BPoo + 287K,
by =3rp\Bo*K + 2roBoK — rpta? + 6 r — r'p B — 0?rBS — o piB — pia?Bs + 8°BK,
by =0 rp\BK + 0 rB6K — 26%p1r6 — pr3r — 8°ro.
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If (H)): B < rholds, then b, < 0. By Descartes’ rule of signs, Eq (3.5) has only one positive root S,
if and only if, one of the following conditions is met:

(1)bs; >0,b, >0,b; >0,by > 0;
2)b; <0,b, >0,by >0,by > 0;
(3)b3 <0,by <0,by >0,by > 0;
4 by <0,b,<0,b; <0,by > 0.

We assume the assumption (H;): one of conditions (1)—(4) is true. Therefore, if (H,) and (H;) are
satisfied, then system (3.1) has only one predator-free equilibrium E»(S, I,0), which is determined by
Eqgs (3.4) and (3.5).

From the first equation of (3.1) under the case I = 0, we have

oo T s
P_M (S +a/)(1 K) (3.6)

Substituting (3.6) into the third equation of (3.1), we obtain

I R O
- 26 '
If the assumption (H3) : K > S’, u3 > 6a + p; holds, then the equilibrium E3(S’, 0, P’) exists.

The positive equilibrium E*(S*, I*, P*) exists if $*, I*, and P* are the positive solutions of the
following equations:

S*+ T WS P Sl
S*(1 - _BS*I - + -0,
rS( K )P S*+a o+1I*
rp SI*
s - -0, (3.7)

I' +«a P o+
S*+a I'+a

— PP = O(S* + I")P* = 0.

By the second equation of (3.7), we get

% L _ *
P = _(I + a’) (pl; o+l* ﬁS ) - f*(S*,I*) (38)
2

The value of P~ is positive if the assumption (H,) : p; + Uf—[* < S " holds.
Substituting (3.8) into the first and third equations of (3.7), then S* and I* are positive solution of
following isoclines, such that

ST 4T A S
Rty st -l psep ML OLD, O

s r | '
FoS5, 1y = (222 L B ST+ ) (ST = 0.

S*+a I'+a
We denote the two functions of Eq (3.9) as F{(S*, ") and F»(S*, I"), respectively. Since F and F,
consist of polynomials and rational functions with nonzero denominators, then they are continuous.
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By selecting S € [S uins S max] @and I" € [Lyin, Lnax], F1(S™, ) and F»(S ™, I") have opposite signs at the
endpoints of the interval, satisfying the conditions of the intermediate value theorem (see
Figure 1(a),(b)).

DEEEE NS

(b) (©

Figure 1. The intersection diagram of F; and F, with the zero plane. (a) Diagram of F, (b)
diagram of F, (c) the intersection of F; and F, with the zero plane.

Next, we theoretically prove that F; and F, have opposite signs at the endpoints of the interval.
Taking the derivative with respect to S for F';, we get

OF, 28* + I* wmI* + a) ]
=r(l-——)-B"———BS"Ra+S") - + .
as ™ r{ ram S P GatS) aler+ = 77)
Obviously, % < 0 when the assumption (A) is true, where (A;) : S* is asymptotically close to K and
BS*Qa+5%) > a(p + 2x).
(@) (b)
© @

Figure 2. The monotonicity curves of F; and F, with respect to S* and I*. (a) When I = 40,
F, is monotonically decreasing with respect to S*, (b) when S* = 119, F; is monotonically
decreasing with respect to I*, (c) when I* = 40, F, is monotonically decreasing with respect
to S, (d) when S* = 119, F, first monotonically increases and then monotonically decreases
with respect to I*.
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Taking the derivative with respect to I* for F';, we have

oy = S 1S (0 — @) 5
w0 S e e

oF,
or

:(—%—ﬁ+

If the assumption (A;) holds, where (A,) : p; < BS* and o < «, then aF =1 < 0. In conclusion, the
above analysis shows that F; is a decreasing function of S* and I* under the assumptions (A;) and
(A,), respectively. Furthermore, we plot the monotonicity curves of F; with respect to S* and I* at
fixed values of I* and S* (see Figure 2(a),(b)), respectively. Consequently, F'; exhibits opposite signs
at the endpoints of the interval.

Next, taking the derivative with respect to S* for F,, then we get

oF, _I*+a[ ( ﬁS* _a(pl 0-+1* ﬂ )

)
= +6(p; +
G w \S +a (S* +a)? ) (p1 o+

- BRS 1)+ ﬁ(lff“

a(pr+=25—
If the assumption (Aj3) is true, where (A3) : BS* < ’%, p1+ = <BQRS*+I") and pul* <

p2(I" + @), then 5 aF == < 0. Without loss of generality, we treat S* as a constant whereupon F, becomes
a function of I*. Substltutmg f*into F, yields

1
Fo(I') = —(V5IP + VoI + ViT* + V), (3.10)
H2

13S*2
S*+a

where V3 = 2952V, = (0= B)S*, A, = BaS* + up1, Vo = —pra - 5+ prpsa + p1afS* + Pa -

o S*+a

Bap,S* — BabS 2. It is direct from Eq (3.10) that

1
Fy(I") = — @BV + 2V, I + V).
H2

It is obvious that V3 > 0 and V; > 0. If V;, > 0, then F}(I*) > 0 for I" € (0, c0). It means that F,(I*) is
an increasing function of I* in € (0, o). If V, < 0 and V22 > 3V3Vy, let F(I") = 0, and we derive

12,[‘/22 - 3V3V1 -V,

I' = > 0.
3V,
_24/V2= —
When [I* € O, %}lew), F(I") > 0. However, when
I 'V3‘ZVSVI L 2V 3V}V1 Vz)F’(I*) < 0. That is, F»(I*) is an increasing function as
I'e (0 —Y2_~——- “/35‘/3‘/1) and a decreasmg function as I* € (_2 VY 3;V3V1_V2, 2VV; 33‘,V3V'_V2) Similarly,

we plot the monotonicity curves of F, with respect to S* and I* at fixed values of I* and S* (see
Figure 2(c),(d)), respectively. Therefore, F, exhibits opposite signs at the endpoints of the interval.

Additionally, the location of their intersection point is showed in Figure 1(c). From Figure 1(c),
the figures of the two functions F; and F, intersect as S* and [* vary. As shown in the phase plane
projection (see Figure 3), the intersection points of F;(S*, I*) and F,(S*, I") are confined to the positive
domain, confirming that the positive equilibrium E*(S*, I*, P*) exists.
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(@) (b)

-] =

© @

Figure 3. Projection of the intersection curve for F; = F, = 0. (a) Isolated plot of the
intersection curve, (b)(c) When F; = F, = 0, the intersection points between F; and F, are
positive, (d) Projection of the intersection points.

Furthermore, in Figure 4, we plot the isoclines of Eq (3.9) by choosing the parametric values
mentioned in Table 1. It is clear from Figure 4 that the isoclines of Eq (3.9) intersect in the interior of
the positive quadrant. Therefore, system (3.1) has at least a unique positive equilibrium.

120

100

80

60

40

(5%.1%)

20

0
80 90 100 110 120 130 140

Figure 4. Intersection point of isocline of system (3.1) at (S*, I*).

3.3. Stability analysis

In this subsection, the local stability of all equilibria of system (3.1) and the global stability of the
positive equilibrium will be stated in the following theorems.

Theorem 3.1. The trivial equilibrium E is always unstable.

Proof. The Jacobian of system (3.1) is given by

Ju Jiz Jiz
J=1ja Jo J2|, (3.11)
J31 J2 o J33
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where
i == 2R pr = B = S+
Jiz=- %, Ju =Bl jn=pS - (I#j_aj)z -p1 - a _7_-6 7
J=— I'u_il s Ja = % — 0P, j3 = (fiacf)z — 0P,
jis =255 s Ly (s + 1) =
The characteristic equation of system (3.1) at Ej is
A=r)(1+p; + Oé_)(/l +p2) =0. (3.12)

Since Eq (3.12) has a unique positive root A = r, the trivial equilibrium Ey is always unstable.

Theorem 3.2. If the assumption (Hs) : BK < p; + S, and 2= < p, + 0K is satisfied, then E, is stable,
but it is unstable when one case of the reverse mequallty holds

Proof. From (3.11), the characteristic equation of system (3.1) at E| is
/13K

(A+ )~ (BK ~ m——))( (G =2~ 0K)) = 0. (3.13)

Clearly, the characteristic values around E; are 4, = —r < 0, 4, = K —p; — /13 = gi’i - p, —O0K.
If the assumption (Hs) is true, then all characteristic values of Eq (3.13) have negauve real parts, thus
E, is locally asymptotically stable. Conversely, if BK > p; + 2 S or g ’“K > p, + 0K, then Eq (3.13) has at

least one characteristic value with the positive real part and E 118 unstable.

We give some assumptions as follows:
(He) : 45 4 il < ) 165 + D),

S+a I+a_

(H7) : r(1 — 2S+1) +ﬂ(S + I) <pp+ (1+0_)2,
(Hg) : r(1 - %)(ﬂS TP T )2) +28°5T + 5 B> Bl(p; + (12;?)2)-

Theorem 3.3. If the assumptions (H,), (H,), (Hs)—(Hg) are satisfied, then the equilibrium E»(S,I,0)
is locally asymptotically stable.

Proof. The characteristics equation of system (3.1) at the equilibrium E, is given by

28 +1 28 +1

[/12+(p1+ _ )2 [ —r(1 - NA+ r(1 - )

S o) rﬁS’I_ 314
(BS - p ( )+2ﬁIS Bol - 2'81(I+0')2+ K] (3.14)
(1- 282 f" S+ 1)) =

S+a I+a

One eigenvalue of Eq (3.14) is g‘ji + ;‘f‘(’y — p2 — O(S + I), which is negative when the assumption

(Hg) holds.
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In Eq (3.14), the quadratic term gives two additional eigenvalues which satisfy the
following conditions:

+1 _ oo
)+BES +1)—py —(I—_'_—)2,

25 +1 206  rBST

)BS —p1 - T+ I- /31(1+0)2+ =

25
A+ =r(1 -

A =r(1 -

Now, 4; + 1, <0 and 4, - 4, > 0 if the assumptions (H;) and (Hg) hold.
Therefore, the equilibrium E, is locally asymptotically stable if the conditions (Hg)—(Hg) hold.

Theorem 3.4. If the assumptions (H3), (Hy) : BS’ < "ZTP/ +p1 + ,and (Hy) : r < 2’S + (g ‘fg)z, (’5335)2
OP’ are true, then the equilibrium E5(S’,0, P’) is locally asymptotzcally stable.

Proof. The Jacobian matrix corresponding to the disease-free equilibrium Ej is:

I
JE3) =15 T Jas|s (3.15)
B T T

where

. ,ulaP’ 2 rS , 5 ) IJ1S' . .
, , #21" 6 ﬂwp' A ;o
Jon =BS" - —Pl—;,J31:m_9Pa132: o — 0P, j33 =0.
One eigenvalue is 8BS’ — 22— 2P — p1 — = > 0 if the assumption (Hy) holds. The others are the eigenvalue
of sub-matrix
Juu J
J (E ) — [ 11 13]
VSRS
The eigenvalues of sub-matrix J'(E3) are negative if tr (J'(E3)) < 0 and det (J'(E3)) > 0, where
28’ uiaP’ wS’  uzaP’
tr(J'(E3) =r|1- ——— det(J'(E3)) = —OP").
r( ( 3)) }’( K ) (S’ + )2 € ( ( 3)) S'+a((S,+a’)2 )

In fact, tr (J'(E3)) < 0 and det (J'(E3)) > 0 if the condition (H() holds.

Theorem 3.5. If the assumptions (Hy) and (Hy,) : V1 > 0,V, > 0, V1V, — V3 > 0 hold, then the positive
equilibrium E*(S*, I, P*) is locally asymptotically stable.

Proof. The Jacobian matrix corresponding to the equilibrium E* is given by

€11 €12 €13
3
J(E") = |ex exn ex].
€31 €32 €33
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where ¢;; = j;; at E*. Here, e;3 < 0, ex3 < 0 and e33 = 0. The characteristic equation of J(E™) is
given by
B+ VI +Vd+ V=0,

where
Vi=—(en1 +exn), Voi=-ejen—exnes —ene —ees,

V3 =ej1enesn + e3esien — epnexe; — ezeres.
From Routh-Hurwitz criteria, if the assumption (H;;) holds, then system (3.1) is locally
asymptotically stable at the positive equilibrium E*.
Next, we give the following lemma before proving the global stability of the positive equilibrium
E” of system (3.1).
Lemma 3.3. If f is defined on [0,00) and nonnegative such that f is integrable and uniformly

continuous on [0, 00), then lim f(t) = 0
1—00

Theorem 3.6. If the assumptions (Hy) and (Hy,) : 011 > 0,010 — 0%2 > 0, 011020033 + 012023031 +
013021032 — 01302 — 05,011 — 01,033 > 0 hold, then the positive equilibrium E* of system (3.1) is globally
asymptotically stable.

Proof. Define the Lyapunov function for system (3.1) as
S Ik
V(S,I,P)=(S -S" - S*ln;) +(U-TI - I*Z”F) + E(P — P, (3.16)

where k is an applicable positive constant.
Differentiating Eq (3.16) with respect to time #, we have

dv._§-8§"dS I I"dl

aF s da T a TP - P)_
S-S S +1 ylSP o \ I-T (oI P
- 1 - - I-
S (s x-S +1)Jr i (s I+a
s1 SP P
— ol - )+k(P P)(“3 4 B ~ — 2P~ 0(S +1)P)
o+1 I+
ST 1P* MP
- (= s—sy - _%g-r
* % lu3S ﬂ41* )
—k(ps + O(S* + ) — - P—pP T9 _ Ty
(o2 +0(S* + 1) i I*+a)( )+(S¢//2 K)(

kﬂ%CVP Hi
S +a

M2 )
—(I+a+k9P)(I—I)(P—P),

—SI =T+ ( — kOP)(S — S*)(P - P")

where ;= (S +a) S +a), Yo =U+o)I"+0), Y3 = +a)I" + ).
The above expression can be reduced as

dv
E<_0”(S S*) —o0n(I = I')* = 033(P — P*)* + 012(S = S*)I - I")

+013(S =SSP - P")—onx(I-T")P - P (3.17)

<-Y'oy,
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where YT = (IS(t) = S*|,|1(¢) — I|,|P(t) — P*]), and O = (0ij)3x3, 1, j = 1,2,3. All entries of the matrix
05, are defined as

or P*
011:m1n{r ——,LllP*}, 022:#2 —(S,

s K SSH o+ 1) 7
* % * % 0’6 r
033:k(p2+0(5 +I)—/.I3S —/141 ), 01p =0y = — — —,
Yo K
_ _ 1 . kﬂf;aP—lU] _ _ 1 . J77)
013—031—51'?’11J {W—kgp}, 023—032—51’1}1}11{14_&-}‘](91)}.

The matrix O is positive if, and only if, all the principal minors of O are positive. If (H,) is held, then
all the principal minors of O are positive.
Therefore, from (3.17), we have that

dv

O < -YTOY < —-A[IS () = S*I* + I(w) - I')* + |P(u) — P[], (3.18)
where A is the smallest eigenvalue. From (3.18), we have
V+AlS @) — S* + [I(w) - I'F + |P(u) — P*"] < V(S(0), 1(0), P(0)). (3.19)
By definition of V and (3.19), S (¢), I(¢), and P(¢) are bounded uniformly on [0, +0), and ‘fif , if ,and £ dP
are also bounded on [0, +o0). By Lemmas (3.3) and (3.19), we conclude that
lim |S (#) - S =0, lim |7(z) - It =0, lim |P(1) — P =0. (3.20)

Thus, system (3.1) is globally asymptotically stable around the positive equilibrium E*.
4. Dynamics of delayed system and oscillation suppression

In this section, we will investigate the stability and the existence of Hopf bifurcation of the
delayed system.

4.1. Local stability and Hopf bifurcation

When the incubation period of the virus is constant, system (2.1) becomes as follows:

ds S +1 S P ol
=rS(1 - I - + ,
dt -7 ( ) —BS S+a o+1
dI 1P ol
3 =BSU-DI-7) - “ 2l - ——, (4.1)
o+1
-0, P—-6(S +1P.
dt S+a/ I+« pa & +1)

Suppose S (1) = S(t)—S*,I(¢) = I(t)-I*, P(t) = P(t)— P*. For simplicity, §, I, and P still are written
as S, I, and P, respectively. Then, the linearized system at the positive equilibrium E*(S*, I*, P*) is
given by

S(t) = a},; S (@) + di,I(t) + ajz P(),
I(t) = d5, S (1) + a5 I(t) + dys P(t) + b5, S (t — 7) + bb,I(t — 1), 4.2)
P(t) = a, S (t) + a5, 1(1) + a3 P(D),
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where
, 287+ I . uaP* , rS* ) oo
dhy = (1= =) =g = g = T st T,
K (S*+ ) K (I + o)
A = :ulS* .. = o = IUQQ’P* o6 don = #21*
BT "o g TV = (I*+a/)2 p1 (I*+0')2’ BT T Lo
, puzaP . HaaP” . , R ;
as, = 5= ay, = ———= 0P, a3y =0, by =pI", by =pS".
(S*+a) (I + @)
Let
&, @, d; 0 0 0
A'=10 ay ay |, B =|0by by 0
ay a, 0 0O 0 O
The characteristic equation of system (4.2) at E* is
L+ P+ P+ P+ <P4/12 + Psd + Pé) e =0, (4.3)
where
Py = —(a}, + dy), Py = d\ay — ayay, — a3d5,, Py = d)dydy, — a)yayas,

roor _ ’ g AN I A V] ARV
+d130505,, Py ==b,, Ps=ay by —ajby, Ps=aja3bs —ajzaybs,.

Suppose that Eq (4.3) admits a root 4 = iw(w > 0). Then, substituting it in Eq (4.3) and separating
real and imaginary parts, we have

Piw? - P5 = (P6 - P4w2) cos(wT) + Psw sin(wt),

4.4)
w® — Pow = (P4a)2 - P6) sin(wt) + Psw cos(wr).
Squaring two equations of (4.4), respectively, and then summing them, we obtain
w® + Q1w* + Qrw® + 03 = 0, (4.5)

where O = P{ — 2P, — P}, Q> = P; —2P\P3 + 2P,P¢ — P%, O3 = P; — P¢.

Choosing w? = z, Eq (4.5) can be rewritten as

f@ =2+ 01+ Qz+ 03 =0. (4.6)
Differentiating both sides of the equation with respect to z yields:
f(2) =32 +201z+ 0, =0,
where the roots of f’(z) can be expressed as,
-0+ /0730,
3 .

According to the reference [39] and the formula Fan in [40], we can get the discriminant of Eq (4.6)

2=

A = B-4AC,
where A = 07 =30,,B = 010, -905,C = 05 - 30,05
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Lemma 4.1. From Eq (4.6), the following conclusions are true.

() If (Hi3) : Q3 =2 0,07 — 30, < 0 holds, then f(z) is monotonically increasing for z € [0, +0).
Therefore, f(z) has no positive roots on [0, +0), i.e., Eq (4.6) has no positive equilibria.

(i) If A > 0, then Eq (4.6) only has one positive equilibrium.

(@ii) If A = 0, then Eq (4.6) has two positive equilibria.

(iv) If A < 0O, then Eq (4.6) has three positive equilibria.

Without loss of generality, suppose that Eq (4.6) has three positive roots, denoted as z;—z3, then Eq
(4.5) has three roots: w; = /2, w2 = /22, w3 = /z3. According to Eq (4.4), we have
;o1 (P3 — Piw))(Psw; — Pg) + Pswi(w; — P2) . 2nj

7/ = —arccos + —,k=1,2,3,j=0,1,-
k Wy [ (P4wi—P6)2+P§wi ] Wy J

Therefore, when 7 = Ti, then +iwy is a pair of pure imaginary roots of Eq (4.3), and the other roots
have nonnegative real parts.

Next, we will find the transversality condition for the occurrence of Hopf bifurcation. Let A(7) =
a(t) + z,B(T) be the root of Eq (4.3) when 7 = Tk, satisfying a/(‘rk) = 0and ,B(Tk) =wi, k=1,2,3,j=

0,1,2,---. Denoting 7y = - anino 1 {Tk} we have the transversality condition.
—12,3.j=0,1 -

Theorem 4.1. If 7, = w? and f'(z) # 0 hold, then <X |, + 0.
Proof. Differentiating Eq (4.3) with respect to 7, we have

[d/l]—l _ (3/12+2P1/1+P2)€M+2P4/1+P5 T (4 7)
dr! APy A% + PsA + Pe) A '
Substituting A = iw, into Eq (4.7) and getting the real part, we obtain

Re [d/l] _ 3wy + 2(P} = 2P, — P)wi + P; — 2P P3 + 2P4Pg — P2
A

dr wi((Pg — Pyw})? + Piw})
_ S (@)
Wi ((Ps — Paw()? + Pga)(z))’
So, we have
-1
sign [i (Re(/l))] = sign [Re (d—/l) ] = sign{f'(zx)} # 0
dr =i dr Amig

which is the required transversality condition.

Based on the above analysis, the following theorem on stability of E* and Hopf bifurcation can
be obtained.

Theorem 4.2. Consider the system (4.1) with T > 0.

(i) If assumption (H,3) holds, then the positive equilibrium E* is locally asymptotically stable for
all T > 0.

(ii) If A > 0 or A < 0 holds, then the positive equilibrium E* is locally asymptotically stable when
T € [0, 1), but is unstable when T > 1.

(iii) If all the conditions in (ii) hold and f'(z) # 0, then the system (4.1) undergoes a Hopf
bifurcation at the positive equilibrium E* when T = 1.
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4.2. Hopf bifurcation analysis via MMS

The utilization of MMS is frequently employed for the examination of phenomena across varying
temporal and spatial dimensions. In this subsection, we will apply this approach to system (2.1). The
method is based on references [41-46].

According to the previous analysis, the system has only one positive equilibrium
X* = E*(§*,I", P*). To begin, it is imperative to linearize the system (4.1) at the equilibrium E*,
defined as S(r) = S(r) — S*, I(t) = I(t) - I, P(t) = P(t) — P*. For simplicity, S, I, and P still are
written as S, /, and P, respectively. So we obtain a differential equation about the variable X:

X(t) = F(X, X), (4.8)

where X = (S,1, P)T, X, = X(t — 7).
For MMS, we first define the new timescales and the time derivatives, respectively, as:

[ee)

d
T, = ¢, — = “D, 4.9
k=€ dr kZ:(;E k 4.9)

where Dy = 6%(’ k € N U {0}. To investigate Hopf bifurcation and use MMS, we need to perturb the

bifurcation parameter in the system (4.8) near its critical value, that is, 7 = 7y + €7, where € is a small
positive parameter. According to reference [41], we assume that the solution for system (4.8) is of the
following form:

(o)

X(6) = X(To, T, T, ++) = ) éXl(To, T1, T, ). (4.10)
k=1

Furthermore, adopting the different timescales, the delayed solutions of system (4.8) can be
asymptotically expanded up and expressed in the following form:

X, = Z X (To = 70. Ty — €10, T2 — €70, ). 4.11)
k=1

Substituting Eqgs (4.10) and (4.11) into system (4.8), using multivariate Taylor expansion, and
collecting the terms by different powers of €, we first consider the lowest order of €,

D()Xl - FXX1 - FXTXIT = 0, (412)

where Fx = g—‘;, Fyx = 6‘3—)2. Further, we suppose that the solution of Eq (4.12) can be denoted as:

X1 = M, sin(wTy) + N; cos(wTy),

. 4.13)
Xir = M sin(w(To — 79)) + Ny cos(w(Ty — 79)),

where

My =M (T\, Ty, ), M (T, T2, ), M13(T1,T2,"'))T,
N, = (N11(T1,T2,"'),N12(T1,T2,'"),N13(T1,T2,'"))T-
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For simplicity, we will write the above equations in the following form:
Mln(Tl’ T27 o ) = Mlna Nln(Tl7 TZ’ e ) = N1n9 n= 1’ 29 3.
Substituting Eq (4.13) into Eq (4.12), we get

wM, cos(wTy) — wN; sin(wTy) — FxM, sin(wTy) — FxN; cos(wTy)

- FXTMI SiIl((,L)T() - (L)TO) - FXTNI COS((.UT() - CL)T()) =0.

Then, we derive that M, M3, Ni,, and N;3 can be represented by M;; and N,;, respectively.
Furthermore, we get the following system of linear equations:

M;; = aj(M;,Ny1), Nij=p1;(M,Nu), j=2,3. 4.14)
Similar to Eq (4.9), denote % by Dy fork =0,1,--- . From Eq (4.14), we have
DM,; = a\(DiM;,DNy1), DiNy; =B1i(DiMy1,DNyy), i=2,3.

Substituting Eqgs (4.10) and (4.11) into system (4.8), and using Taylor expansion, we get the following
equation at the second order of e:

DoXo(To, Ty, T2, --+) = FxXo(To, T1, T, -+) — Fx, Xor(To — 70, 11, T2, -+ - ) = g1(X1, X17),
where

1 1
g1(X1, Xir) :_FXXX% + _FXTXTX%T + Fxx, X1 X1: — Fx (tDo X1 + 10D Xi7) — D1 X,

2 2
1 F M3(1 - cosQwTy))  Ni(1 + cosRwTy))
=7 P 2 " 2

1
+ M N; sinwTy)) + EFXTXT(MINI sin(2(wTy — wty))
N12(1 + cos(2(wTy — wtyp))) M%(l —cos(2(wTy — a)TO)))) 4.15)
+ +
2 2

+ Fxx. (M, sin(wTy) + N; cos(wT)) X (M, sin(w(Ty — 79))

+ Nj cos(w(Ty — 19))) — Fx. (tew(M; cos(w(Ty — 19))

— Ny sin(w(To — 70))) + To(D1 M, sin(w(To — 7o)

+ D{N; cos(w(Ty — 19)))) — DM, sin(wTy) — D1 Ny cos(wTy).

In order to ensure that the equation is solvable, the asymptotic oscillation terms including sin(w7)
and cos(wT)) must be eliminated, that is, suppose that the coefficients of sin(wTy) and cos(wT)) in Eq
(4.15) are zero. From Eq (4.15), we can obtain the following equations:

DM, = - Fx t.wM, sin(wty) + Fx.1.wN, cos(wty) — Fx 19D N, sin(wty)
— FXTTODIMI COS((L)T()),
D1N1 = — FXTTea)Nl SiI’l(CL)T()) - FXTTele COS(a)To) + FXTT()D]M] Sin(a)T())

— Fx_ 190D N; cos(wTy).
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After eliminating the asymptotic oscillation terms, the Eq (4.15) can be rewritten in the
following form:

1 M} + N} N;-M; :
DyX, — FxX, — FXTXZT :—Fxx( 3 + > COS(Z(UT()) + M N; Sll’l(szo))

2
L (Mf+N12 N; — M; (T
+ — —
yfxx{— 5 c0sw(To=70) (4.16)

+ M N, sinQw(Ty — 79))) + Fxx. M, sin(wT))
(M, sin(w(To — 79)) + Ny cos(w(Ty — 70)))
+ FXXTNl COS((,L)T())(M] Sil’l(a)(T() - T())) + N] COS((U(T() - T()))).

In order to solve Eq (4.16) and satisfy the solvability conditions, the solution of Eq (4.16) is

as follows:
X =M, sin(2wT0) + N, COS(Z(UT()) + O,,

Xo: = M, sinRw(Ty — 19)) + N, cosQRw(Ty — 1)) + O,,
where X, = Xo(To,T\,T2,--+), My = MyT,,T2,T3,---), N = Ny(T,,T>,T3,---),
0, = 0,(T,T,,T3,--+), and O, can be denoted by M, and N;, namely,

1 Fxx + Fx.x

0, =—— “(M? + N?).
2 4 FX+FXT( 1 1)

Therefore, O, can be denoted by M;; and Ny;.
Next, similar to € and €2, we repeat the above procedures and collect the terms of powers of €* from
Eq (4.8),

DoX3(To, Ty, ) — FxX5(To, Ty, ) — Fx X3:(To — 70, T1, -+ - ) = g2(Xi, Xir),

where i =1, 2,
1, 1,
2 :FXT(ET()DIIXIT + ETEDOOXIT + 770D X1r — T0D2 X1 — 70D 1 Xor
— 7D X1 — 1D Xor) + FxxX1Xo + Fxx.(X1:X2 + X1(Xor — 70D 1 X112

1
—1DoX7)) + Xi:Fx,x,(Xor — T0D1 X1 — TDoXi7) + EFXXX,X%XIT

1 1 1
+ EFXXTXTX1X127 + ng,x,x,XfT + EFXXXXf - DX, - DX,

1
=Fx, (57D (M sin(@(To = 70)) + Ny cos(w(Ty = 70))

+ %T?( — WM, sin(w(Ty — 7¢)) — w*N; cos(w(Ty — 79)))
+ 11o(wD M cos(w(Ty — 7¢)) — wD N sin(w(Ty — 19)))
— 19Dy (M; sin(w(Ty — 7¢)) + Ny cos(w(Ty — Tp)))

- TQDl(Mz sin(Za)(TO - TQ)) + N2 COS(ZQ)(TO - TQ)) + 02)
= 1D(M, sin(w(Ty — 7)) + Ny cos(w(To — 79)))
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— 72w(M; cosw(Ty = 70)) — N2 sin(2w(Ty — 79))

+ Fyx (M sin(wTy) + Ny cos(wTy)) (M, sinQwTy) + N> cosRwTy) + Oy)

+ Fyx. (M sin(w(Ty — 19)) + N; cos(w(To — 79)))(M; sinQwTy)

+ N, cosRwTy) + 0,) + Fxx (M sin(wTy) + N; cos(wTy))

(M, sinQ2w(Ty — 1)) + N, cosQw(Ty — 19)) + O) — Fxx. (M, sin(wTy))

(ToD1 (M, sin(w(To = 79)) + Ny cos(w(To = 79)))) — Fxx.Ni cos(wT))
(toD1(M sin(w(Ty — 70)) + Ny cos(w(To — 70)))) — Fxx, M sin(wTy)

(trewM; cos(w(Ty — 7¢)) — TewN; sin(w(Ty — 79)))) — Fxx.N; cos(wT)

(recwM, cos(w(Ty — 70)) — TewN, sin(w(To = 79)))) + Fx,x, (M sin(w(Ty — 70))
+ N; cos(w(Ty — To)))(Mz sin(2w(Ty — 19)) + N, cosRw(Ty — 19)) + O,

— 19D M, sin(w(Ty — 1)) — 19D 1N} cos(w(Ty — 19)) — TewM; cos(w(Ty — T9))

1
+ TewN sin((Ty - 70))) + 5 Frooe (My sin(@To) + Ny cos(wTy))’

1
(M sin(w(Ty — 19)) + Ny cos(w(Ty — 19))) + EFXXTXT(MI sin(wTy)
+ N cos(wTo))(M; sin(w(Ty — 7o) + Ny cos(w(Ty — 7o)

1 )
+ EFX,X,X,(MI sin(w(Ty — 7¢)) + Ny cos(w(To — To)))3

1
+ 6FXXX(M1 sin(wTo) + Ny cos(wTy))’ — Da(M; sin(wTy)
+ N, COS(C()T())) - DI(MQ sin(ZwTo) + N, COS(Z(!)TQ) + 02),

where Dyy = %, Dy, = an—;Tl’ and D, = %. In general, g, contains the Taylor expansion of the
delay term X, the interaction of the system states X; and X;, and the higher order time derivative term.

Similar to previous power, we require to eliminate the asymptotic oscillation terms to satisfy the
solvability. After calculation, we obtain that the expressions of D,M;; and D,N;, are related to M,
and N, at €3, which are too complex to be showed here. Ultimately, restoring to the original timescale,

we can obtain

dMy, )

q :€D1M11+€D2M11+"',

! (4.17)
q =eDNi1+€ DNy +---.

So as to conduct the normative analysis, the following polar coordinate transformations on Eq
(4.17) are:
M, = R(t) cos(pr), Niy = R(1) sin(et).

As a consequence, when 7 = 71 + €7, the amplitude frequency equation of system (4.17) can be
written as

R e TIR® + psle, TR () + O(E),
(‘f’ (4.18)
= = pole T+ pae IR + O(E),
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where p;(e,7.),1 =0, 1,2, 3, depends on the parameters € and 7.. They describe the dynamic behavior
of the system in polar coordinates, including the changes in amplitude R(¢#) and phase ¢(f). By
analyzing these coefficients, the stability and periodic behavior of the system can be understood.

4.3. Oscillation suppression based on periodic delay

Bifurcation is a fundamental concept in dynamical systems. It can cause system instability, lead to
periodic oscillations, or even chaotic behavior [24,47,48]. To enhance system performance, reliability,
stability, and to address potential challenges in practical applications, many researchers have focused
on bifurcation control. Generally speaking, the adopted methods of controlling bifurcations include:
parameter tuning [47, 49], feedback control [50, 51], delayed feedback control [43, 44, 52], hybrid
control [48, 53], and dual control [54-56].

As we know, the delay in system (4.1) can lead to periodic oscillations and Hopf bifurcation.
Furthermore, we set 7 = 7y + er., where er. > 0. In this subsection, we attempt to introduce a
perturbation control. That is, applying time-varying perturbation to the delay achieves the goal of
oscillation suppression [43,57]. Specifically, let

7(¢) = 7,y + Lsin(Q1), (4.19)

where L and Q represent magnitude and frequency of the perturbation, respectively, and 7,, = 79 +
€T.. Assume that Q and L are small, so that Lsin(€)) can be considered as a perturbation to 7,,.
Consequently, the method of multiple timescales can be applied to analyze the time-varying delay
system. Substituting Eq (4.19) into system (4.8), we have

X(t) = F(X, X(t — 7(1))). (4.20)

To derive the amplitude-frequency equation for system (4.17) when 7(f) = 79 + €1, + Lsin(Qt),
a re-scaling is necessary: €R(f) — R(#). Following the procedure in Subsection 4.2, we obtain the
amplitude-frequency equation as follows:

dR

pr PIOR®) + p3 (DR (1),

t

dy (4.21)
Fr po() + p2(DR* (1),

t
where p1(f) = qo + q11 8In(Q1) + 12 cos(Q21), po(r) = ro + 11y SIn(Q) + r12 cos(€2), go = qo(€Te, L, ),
qn = qu(ere, L,Q), q12 = qia(€te, L, Q), ry = ro(€te, L, Q), riy = rii1(ete, L, Q), rio = rp(ere, L, Q).
p2(t) and ps(t) are functions of €.

Because the first equation of (4.21) is only relative to R(f), the second equation depends on R(?).
Therefore, we only pay attention to the first equation of (4.21):

dR
5 = PORO + p3(DR(1). (4.22)

Note that Eq (4.22) is a Bernoulli equation with variable coefficients, and its solution can be derived
by using the following lemma.
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Lemma 4.2. The solution to Eq (4.22) can be expressed analytically as follows:

Celh pi(9ds

\/1 - 2C? j(;t p3(52)e21(‘)x2 I’l(Sl)dS1ds2

R(t) = (4.23)

where C is the initial value.

It is worth noting that the decay of the solution of Eq (4.22) corresponds to the decay of a Bursting
solution of Eq (4.8). In this subsection, a sufficient condition is derived for the solution to Eq (4.22) to
decay. So, we have the following theorem.

Theorem 4.3. A sufficient condition for the decay of solutions of system (4.21) is qo < 0, where
qo = qo(€Te, L, Q).
Proof. C > 01in Eq (4.22). Therefore, Eq (4.22) can be written as

R(@) = ! . (4.24)

\/C_ze—2 Jo pr(s)ds _ 26—2f0rpl(s)ds j(‘)t ps(sz)erOSz pl(s1)ds1dS2

Utilizing the Fourier series expansion and combining with Eq (4.23), we get

t
Ce 200\ (1) + Ya(t) = —2e 2 h 1190 f Pa(s2)e? b POV, 4 Ce2 b (405)

0
where C = C72, Y (1), and Y,(7) are periodic functions with a period of 2. Clearly, C > 0, and the
long-term behavior of #(f) = Ce2®DY|(t) + Y,(¢) is governed by the sign of go(f). When go(t) > 0,
Ce 200y (1) decays exponentially, thus the long-time behavior of #(¢) is determined by Y,(¢), leading
to periodic oscillation in R(#). On the other hand, when ¢o(f) < 0, then ¥(¢) grows exponentially,
which causes the oscillation of R(f) = ﬁ to die out exponentially over time. In summary, if the
perturbation parameters of the delay satisfy certain conditions that ensure g(#) < 0, then the oscillation
of system (2.1) can be controlled. Consequently, a critical boundary can be determined by solving

qo(ete, L, Q) = 0.

4.4. Global asymptotic stability of the positive equilibrium

Theorem 4.4. If (H,), (H\4), and (H,s) hold, then the positive equilibrium E* of system (2.1) is globally
asymptotically stable.

Proof. Suppose a small disturbance occurs near the positive equilibrium E* of the system (2.1); let
wi®) =S@) —S*, wa(t) = 1(t) = I", wi(2) = P(t) — P".

By means of neglecting the higher-order nonlinear terms and applying a linear approximation, the
following linearized system is obtained:

dw, 28° I P rs* 08"
i UK TR T srra A = G £ AS e = mwn,
dw, 2 P* I
(s — C ) — (o + _ 4.6
o pwi(t — 7)) wa(t — (1) = (o1 o a)W2 g (4.26)
dws  usP” - HaP” uS* o pal”
= = — 9P - QP —p2 — O )ws.
dr (S*+a )W1+(l*+a )w2+(S*+a I'+a«a P2 s
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According to Lyapunov stability theory, the stability of the positive equilibrium of system (2.1) is
equivalent to the stability of the zero solution of system (4.26).
Define a Lyapunov-Krasouskii function near the positive equilibrium E* as

t

1 r
V(wy, wo, w3) = E(wf + w% + w%) + 31 f

t—1(1)

!
wA(s)ds + 2 f w(s)ds, 4.27)
2 t=7(1)

where ry, r, are appropriate positive constants.
Taking the derivative of the above V function with respect to ¢, we have

dv dw w dw r ]
5 = dtl +wy dtz + w3 dt3 + El(wﬁ = (1 = #O)wi(t - 7(1))) W)
s 5 . >
+ 5 (w3 = (1= 2@)wi (e = 7)),

where |7(#)] < J, and § is a positive constant. Substituting (4.26) into (4.28), we can obtain the
following formulas

av 28 ' P . rS* 1S*
—-(-=-Z- +BIW — (— +BS* -
i K TR srra A G tES v m s
wP |, oI
+ r—T(t t—1(1)) — 4 == N
Bwawi(t = T())wa(t — (1)) = (o1 o a)W2 EapALElE
paP” \ HaP” \ u3S* sl
- 6P + - 6P + +
(S*+a Wiws (I*+a Jwaws (S*+a/ I+a

r

7 (Wi = (1= HOwi = 7))

+ %(wg ~ (1= ()Wt - 7).

Using the Young inequality to deal with the cross terms in the above expression and perform scaling,
we can obtain

a = T TK TR 5SS e -3

r w2 ST pal” . 2
- =) -I)+ + —p—0I'Y(P-P
2)( ) (S*+a I'+a P2 X )

WP &

r ) B w2 MaP?
—(5(1 — Tomax) — Z)(S(I—T(t))—s ) +(m

— OP*)(S — S*)(P - P*) (4.29)

— 0PI - )P = P*) + ( ‘fj‘f :

S 10
- 2 =t )t = () = I')
T r . ﬁz *\2
=W OW = (51 = Tpar) = 2)S(E=7(1) = §7)
2 2¢e
- 2 = )1 = T(0) = I,
where £ > 0, WI = (IS = S*|,|I — I'|,|P — P*|), and Q3,3 is a symmetric matrix can be defined as:
qu 0 qi13
0=10 g» g5 |,
q31 43 433
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where

ry 28* I /JIP*

=(1+BlI'+ — - — ——— = + -—=— - =
q=(+pl+ 5 - g 2=l -5 -3)
uaS”* pal” \ 1 P :

= + —pp —6I"), = == - 6P"),

33 (S*+a I'+a p2 ) 413 = g 2°8* + )
1 ,1.14P>k

= == - 6P"), = =0.

q23 = 432 T ra ), q12 = g2

The matrix Q is positive if, and only if, all the principal minors of Q are positive. If
(Hi4) : q11,911922, 911922933 — q%qzz - q§3q11 are positive, then all the principal minors of Q are
positive. Further, if (Hys) @ (1 — Tjay) > ';i:, F(1 = tpa) > 0 is true, then system (2.1) is globally
asymptotically stable near the positive equilibrium E*.

5. Numerical simulations

In this section, we have taken the same set of parameter values given in Table 1 to verify the
theoretical results, and give some biological explanations. To start, we perform a sensitivity analysis
on some parameters of system (3.1).

To identify the parameters that significantly influence the output variables of system (3.1), we
conduct the global sensitivity analysis on selected parameters. From system (3.1), we calculate the
partial rank correlation coefficients (PRCCs) among parameters r, K, 8, 0, o, and 6. Using the Latin
hypercube sampling (LHS) method, we performed 5000 simulations of parameters in system (3.1).
The baseline values of these parameters are presented in Table 2.

Table 2. The variation ranges of sensitive parameters in system (3.1)

Parameters Basic values Minimum values Maximum values
r 22 17.688 26.312

K 200 160.8 239.2

B 0.06 0.048 0.072

o 0.05 0.041 0.06

o 0.7 0.563 0.837

0 0.033 0.027 0.039

Based on the parameter values in Table 2, we analyze the impact of selected parameters on the
correlation of the infected phytoplankton. Then, by generating scatter plots and conducting 5000
parameter samplings, we obtained the sampling results (see Figure 5) and dot plots (see Figure 6).
The trend of monotonic increase (decrease) indicates the positive (negative) correlation between
parameters and the model outputs. From Figure 6, these parameters show periodic correlations with
system outputs, where r, K, and 6 exhibit positive correlations with model outputs, 8 demonstrates
negative correlations with model outputs, and 6 and o show no significant correlation with
model outputs.
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Figure 5. Sampling results of 5000 samples of infected prey in system (3.1).
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Figure 6. Scatter plots corresponding to different parameters of system (3.1).

Using the parameter values in Table 1, we obtain the unique predator-free equilibrium
E»(56.6756,92.7445,0) and the positive equilibrium E*(118.9001,44.8221,13.6165). For
non-delayed system (3.1), the predator-free equilibrium E, and the positive equilibrium E* are locally
asymptotically stable according to Theorems 3.3 and 3.5, respectively (see Figures 7 and 8). Thus, the
susceptible phytoplankton, the infected phytoplankton, and zooplankton population are stable.

—s()

100 — 1
P()

populations
3
P(t)
S
o o

40
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0 200 400 600 800 1000 60
time

(@) (b)

Figure 7. System (3.1) around the predator-free equilibrium E, is locally asymptotically
stable. (a) Time series plot, (b) phase plot.
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Figure 8. System (3.1) around the positive equilibrium E* is locally asymptotically stable.
(a) Time series plot, (b) phase plot.

Based on Theorem 3.6, E* is globally asymptotically stable (see Figure 9). This implies that
regardless of variations in initial conditions, both the phytoplankton and zooplankton populations will
converge to a stable equilibrium state.

Figure 9. System (3.1) at the positive equilibrium E* is globally asymptotically stable.

For the time-varying delay system (2.1), the positive equilibrium of such a system remains
unchanged by selecting the parameter values in Table 1. First, when we choose incubation period of
disease 7(t) = %, we find that system (2.1) is globally asymptotically stable at the positive
equilibrium (see Figure 10), which shows that the conclusion of Theorem 4.1 is correct. However, the
solution of system (2.1) is unstable when 7(r) = |sin(#?)| + % (see Figure 11). At the same time, when
7(f) = |sin(f?)| + 2, the susceptible and infected phytoplankton population show periodicity (see
Figure 11(a),(b)), and the zooplankton become extinct. Through numerical simulation, we find that
time-varying delay is a key factor affecting the stability of system (2.1). When the value of 7(¢) is
small enough, system (2.1) can maintain stability, which provides the possibility for taking some
measures to control the widespread outbreak of the disease. On the contrary, when the time-varying
delay is relatively large, the system may become unstable, and even chaos may occur. Therefore,
early prevention and diagnosis are crucial for effectively preventing the spread of the disease and
reducing it.
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Figure 10. When 7(¢) = % system (2.1) at the positive equilibrium E* is globally
asymptotically stable.
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Figure 11. When 7(¢) = |sin(#*)| + %, system (5.1) at the positive equilibrium E* is unstable.
(@) S(1), (b) I1(1), (c) P(2).

For delayed system (4.1), the system has the same positive equilibrium E*. We can calculate that
79 = 0.1093. Furthermore, we find that when 7 = 7o = 0.1093, system (4.1) undergoes a Hopf
bifurcation at E*(118.9001,44.8221, 13.6165), i.e., periodic solutions bifurcate from E*, as shown in
Figure 12. According to the Theorem 4.2, we find that E* is locally asymptotically stable when
7 = 0.05 < 79 (see Figure 13), but E” is unstable when 7 = 0.12 > 7 (see Figure 14). That is, when
the incubation period of disease transmission is less than the critical value, phytoplankton and
zooplankton can coexist for a long time. When the delay exceeds the threshold, susceptible
phytoplankton, infected phytoplankton, and zooplankton can still coexist at positive densities, but
their densities oscillate periodically over time.
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(@ (b) ©

Figure 12. Bifurcation diagrams of system (4.1) by taking 7 as the bifurcation parameter. (a)

S(0), (b) I(2), (c) P(2).
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Figure 13. When 7 = 0.05 < 0.1093, system (4.1) is locally asymptotically stable at the
positive equilibrium E*. (a) S(¥), (b) I(?), (c) P(t).
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time. time. time

Figure 14. When 7 = 0.12 > 0.1093, the positive equilibrium E* of system (4.1) is unstable.
(@) §(), (b) I(2), (c) P(1).

Utilizing the method of multiple timescales discussed in Subsection 4.2, we can derive the following
amplitude-frequency equation:

% = (24.3344er, — 24.1186€T2)R(t) — 5.5301*R* (1) + O(€), -
% = —45.5468€t, + 52.3654€°12 + 3.8648€*R*(1) + O(€). '
Multiplying both sides of the first equation of Eq (5.1) by € simultaneously yields:
eccll—': = (24.3344€t, — 24.1186€°72)(eR(t)) — 5.5301(eR(1))*. (5.2)
Let e%—’f = 0, and we can get a nontrivial steady-state solution for eR(¢), that is,
€R =2.3516 \/24.33446‘('5 —24.1186¢€72. (5.3)

By substituting (5.3) into the second equation of (5.1) and integrating it, we obtain
B(t) = po + (474.5458€t, — 463.1149€ 7)1,

where ¢ is initial phase.
Next, we will primarily focus on the case of time-varying delay by utilizing periodic time-delay
perturbation to suppress the oscillations of system. Furthermore, by employing the method of multiple
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scales to investigate the time-varying delay system, the following amplitude-frequency equation can
be derived:

dR
5 = P1ORD + p3(OR* (1) + O(€),
f 5.4)
dg : ; ©:
@ po() + p2(OR(2) + O(€),
where
p1(®) = go + g1 sin(Q) + g1p cos(Q1), ps(1) = —5.5301¢€,
po(f) = rp + 111 SIn(€2) + 12 cos(Q21), pz(l) = 3.864862,
and

go = —2.5617L% +24.334471, — 24.11867;, q; = 2.6736€er.QL,
g2 = 3.1239€7.QL, 1y = —2.5927L + 24.59647, — 24.11867;,
ri = 2.6736er QL, r;; =3.1239r QL.
Assume that Q = 0.02 and er. = 0.0001. By solving go = 0, we can obtain the critical value of L
that induces attenuation of oscillation, which is L = 0.9622. When L; = 0.9986 exceeds the critical
value L = 0.9622 (see Figure 13), we observe that the oscillation degree is significantly weakened, as

shown in Figure 15. When L, = 0.9484 < L = 0.9622, the oscillation gradually decays and the system
eventually becomes stable (see Figure 16).

\\\\

o o
50 00 1500 o 500 1000 1500 o 500 1000
time time

Figure 15. The oscillation suppression for L; = 0.9986 > L = 0.9622. (a) S(¢), (b) I(?),
(c) P(2).

0 0
500 1000 1500 o 500 1000 1500 ) 500 1000
time time. time

Figure 16. The oscillation suppression for L, = 0.9484 < L = 0.9622. (a) S(¢), (b) I(?),
(c) P(1).

The above analysis reveals that when time-varying perturbation is applied to the time delay, the
oscillation of the system gradually decreases and even disappears. Thus, the oscillation suppression by
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periodic delay is effective in this paper. Moreover, when the disease latency delay is an approximate
periodic disturbance function, the degree of instability of phytoplankton and zooplankton can gradually
decrease, ultimately leading to a stable coexistence.

6. Discussion and conclusions

To the best of our knowledge, only a few articles have incorporated time delays under different
fundamental assumptions and analyzed their impact on system dynamics. For example, time delay in
the viral infection process may destabilize phytoplankton density while zooplankton density remains
unchanged [24], time delay in toxin liberation could destabilize an otherwise stable equilibrium [25],
and a sufficiently large delay in fear-induced prey reproduction may trigger double Hopf
bifurcation [30]. However, the influence of climate and environmental factors on time delays has not
yet been considered. To address this gap, we propose treating delays as dynamic variables, which
significantly improves the accuracy of population behavior characterization. To enhance the realism
of the model, we considered the time delay as the incubation period of disease transmission, and
replaced the constant delay with the time-varying delay. Thus, we developed a time-varying delay
eco-epidemiological model incorporating toxicity, treatment, and Holling II functional response in
this paper.

Then, we explored the dynamics of systems without delay, with constant delay, and with
time-varying delay. First, we demonstrated the positivity and boundedness of the solution, and
analyzed the local stability of five equilibriums of the non-delayed system (3.1), respectively. When
there is no delay, we found that both the predator-free equilibrium and the positive equilibrium of
system (3.1) are locally asymptotically stable (see Figures 7 and 8). Additionally, we investigated the
global stability of the positive equilibrium by constructing an appropriate Lyapunov function (see
Figure 9). Next, we analyzed the impact of time-varying delay on the stability of the system. When
the time-varying delay is sufficiently small, the positive equilibrium is global asymptotically stable
(see Figure 10). However, as the time-varying delay increases, the system may exhibit complex
dynamic behaviors (see Figure 11). For the model with time delay, we studied the local stability of
the positive equilibrium and Hopf bifurcation of system (4.1) by taking time delay as bifurcation
parameter. We observed that Hopf bifurcation occurs when 7 = 7 (see Figure 12). Our analysis
revealed that when v = 0.05 (less than the critical value 0.1093), the system remains locally
asymptotically stable at the positive equilibrium (see Figure 13). However, when 7 = 0.12 (greater
than 0.1093), the system becomes unstable (see Figure 14). Moreover, numerical simulations were
conducted using computational software to validate the theoretical findings. Our results demonstrated
that time-varying delays generate rich and complex dynamics.

We found that time delay can cause oscillations in system (4.1) through Hopf bifurcation. For our
eco-epidemiological model, sustained oscillations between phytoplankton and zooplankton can
undermine the stability of the system. Therefore, it is crucial to understand the factors that contribute
to these oscillations and to identify strategies that can suppress the oscillation. Applying time-varying
perturbation to the delay could serve as an effective control strategy to suppress oscillation, which is a
delay-based control strategy. Using the method of multiple timescales, we derived the quantitative
relationship between time delay and the periodic oscillation resulting from the Hopf bifurcation, as
well as the critical value of the perturbation amplitude necessary to effectively control the oscillatory
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behavior of system. As shown in Figure 15, when L; = 0.9986 > L = 0.9622, the oscillation is
significantly reduced compared to those in Figure 13. Furthermore, when L, = 0.9484 < L = 0.9622,
the system eventually stabilizes (see Figure 16). The numerical results demonstrate that periodic
perturbation of the time delay can successfully suppress the oscillations in systems. Thus, by
combining the method of multiple timescales with periodic delay perturbations, we effectively
suppress oscillatory behavior induced by Hopf bifurcation, providing a novel approach for stability
control in time-delay systems.

Moreover, several interesting topics could be explored in the future. For example, by considering
that the release of toxins is not an instantaneous process and may be influenced by factors such as
climate and temperature, we will consider another time-varying delay, denoting the delay in the release
of phytoplankton toxin. Additionally, we will take into account the fear response of prey to predator
and investigate its effect on prey population growth. Thus, we introduce the fear effect, where k;
represents the degree of fear to reduce the growth of prey, and k, stands for reduced fear of disease
transmission. Because fear of predator reduces the foraging activity of prey populations, which reduces
disease transmission between prey, it is meaningful to consider the following time-varying delay eco-
epidemiological model incorporating fear effect,

as S _S+1 BSI _,u]SP+ ol

dr — 1+kiy K l+ky S+a o+TI’
dI _ BSt-niOI(—71(1))  wIP ,_ ol

dr 1+ koy Iva PV oxr
dP_,Ll3SP ,Ll4IP

dr - S+Q+I+a ,02P Q(S(t T2(l))+1(t Tz(t)))P.

The impact of the revisions on the the dynamics of model remains to be explored, and this will be
discussed in the future.
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